Background: α-Synuclein aggregates and macroautophagy are associated with neurodegeneration. Results: Modulation of macroautophagic activity does not affect α-synuclein aggregate levels, while these aggregates cause accumulation of immature autophagosomes. Conclusion: α-Synuclein aggregates are resistant to degradation and impair autophagy by delaying autophagosome maturation. Significance: Understanding the impact of α-synuclein aggregates on autophagy may help elucidate therapies for α-synuclein-mediated neurodegeneration.
INTRODUCTION
Synucleinopathies are a family of neurodegenerative diseases characterized by cytoplasmic aggregates of the protein alphasynuclein (α-syn), and include Parkinson's disease (PD), PD with dementia (PDD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA) (1, 2) . In PD, PDD and DLB, α-syn forms highly insoluble fibrillar aggregates called Lewy bodies (LBs) and Lewy neurites (LNs) which accumulate in the neuronal cytoplasm or neuritic processes, respectively. These inclusions are rich in phosphorylated α-syn (p-α-syn), are often ubiquitinated (3, 4) and are widely distributed in the central nervous system (CNS), where they are associated with neuron loss (5) . Moreover, α-syn mutations and α-syn gene duplication/triplication are linked to familial forms of PD (6) (7) (8) (9) . Collectively, these findings implicate α-syn aggregates in the onset and progression of disease. Thus, it is important to gain a better understanding of whether -syn inclusions can be effectively degraded by cells, and whether these aggregates might negatively affect key cellular pathways.
The removal of protein aggregates, as well as misfolded and damaged proteins, occurs via two main degradation pathways; the ubiquitinproteasome system (UPS) and the autophagylysosomal pathway (ALP) (reviewed by (10) ). Macroautophagy, a prominent constituent of the ALP, is responsible for removal of both soluble and aggregated proteins, as well as damaged organelles, via their sequestration into doublemembrane vesicles called autophagosomes, followed by their degradation by catalytic enzymes after autophagosome/lysosome fusion (11, 12) . Macroautophagy (hereafter, autophagy) has been implicated in bulk degradation of pathologic aggregates, such as the poly-glutamineexpanded huntingtin inclusions observed in Huntington's disease (13) . ALP is a vital cellular process and impairment of the ALP can lead to neurodegeneration, as demonstrated in animal models that are deficient in genes coding for autophagy proteins in neuronal tissue (14, 15) , and in human neurodegenerative lysosomal storage diseases (16, 17) .
ALP, as well as UPS, have been implicated in the degradation of soluble, nonaggregated α-syn (18) (19) (20) (21) However. it is not clear if autophagy plays a role in the clearance of LBlike α-syn aggregates, as a heretofore lack of in vitro models that faithfully recapitulate α-syn aggregation has made it difficult to address this question. Unlike many aggregate-prone proteins, simple overexpression of α-syn does not lead readily to the formation of insoluble LB-like inclusions. Therefore, additional manipulations have been used to generate α-syn aggregates in cultured cells, including co-expression of proteins such as synphillin-1 (22) and exposure to proteolytic inhibitors, oxidative stress, or nitrative insult (23) (24) (25) , which likely directly or indirectly affect protein degradation pathways. However, the -syn aggregates formed in these various cellular paradigms typically fail to exhibit several important characteristics of LBs, including ubiquitination and the presence of insoluble phosphorylated α-syn. To better model LB-like inclusions in cultured cells, we recently developed models of α-syn aggregation in which the introduction of small amounts of pre-formed α-syn fibrils (Pffs) into α-syn expressing cells, including primary neurons from wildtype (wt) nontransgenic mice, results in the templated assembly of endogenously expressed α-syn and the formation of insoluble aggregates resembling LBs and LNs (26, 27) . The ability to generate α-syn aggregates efficiently, without using any treatment that directly perturbs protein degradative function, provides model systems to investigate the possible interplay between autophagy and α-syn aggregates.
Here, we have investigated whether Pffseeded, LB-like α-syn aggregates can be removed by autophagy. We observed that pathologic α-syn inclusions cannot be effectively eliminated and that they cause a partial impairment of autophagosome clearance that could contribute to the decreased viability observed in cells harboring -syn deposits. Thus, our findings provide novel insights into the effects of α-syn aggregates on cellular metabolism and viability, and may have implications regarding potential therapeutic strategies for synucleinopathies.
pCDNA 5TO vector (Invitrogen, CA), was transfected into Hela T-Rex cells and hygromycin B (Thermo-Fisher Scientific, MA) resistant cells that inducibly express A53T α-syn were screened by light microscopy and IB. Hela T-Rex A53T α-syn cells were maintained in Tet-Free complete medium (DMEM, supplemented with 10% TetScreened FBS penicillin/streptomycin, Lglutamine) including 100 µg/µl G418 and 100 µg/µl hygromycin B. The day before the experiment, Hela T-Rex cells were plated at a density of 25,000-30,000 cells/well on PDL coated coverslips, and 50,000-60,000 cells/well on 12-well plates. 1 µg/ml doxycycline (dox) was added at the time of plating to induce α-syn expression.
Primary mouse hippocampal neurons were cultured and maintained as previously described (27) . Briefly, hippocampi dissected from E16-E18 C57BL/6 or CD-1 mouse brains (Charles River, MA) and α-syn KO mice (28) , were treated with papain and DNAse, and dissociated neurons were plated in plating media [Neurobasal Media (Gibco, CA), supplemented with 10% FBS, penicillin/streptomycin, Glutamax, B27] on PDL (0.1 mg/mL, in 0.1 M borate buffer pH8.4) coated coverslips at a density of 60,000-100,000 cells/well or PDL coated 12-well plates at 400,000-600,000 cells/well. Plating media was changed to neuronal media (Neurobasal Media, supplemented with penicillin/streptomycin, Glutamax, B27) 2-18 h after plating.
Recombinant α-syn proteins and generation of α-syn Pffs
Recombinant wt and C-terminally truncated α-syn (remaining amino acids: 1-120) with and without a C-terminal myc-tag, were expressed in Escherichia coli (E. coli) and were purified as previously described (29) . Briefly, E. Coli BL21-RIL cells expressing α-syn from the pRK172 expression vector were lysed using glass mortar and pestle, cell lysate was cleared through heat denaturation followed by centrifugation, and α-syn was purified from supernatant by gel filtration and subsequent ion exchange chromatography.
α-Syn Pffs were generated by incubating purified α-syn (5 mg/ml in PBS) at 37°C with constant agitation for 5 days. Electron microscopy, Thioflavin S, and protein sedimentation assays confirmed generation of insoluble α-syn amyloid fibrils at the end of incubation ). Generated Pffs were aliquoted and stored at −80°C.
Pff Transduction
Unless indicated otherwise, HEK293 or Hela T-Rex cells expressing A53T α-syn, and α-syn Pffs generated from C-terminally myc tagged and truncated α-syn (1-120) were used for nonneuronal Pff transductions. By using this combination of cells and Pffs, a 4.7-fold increase in percentage of cells bearing aggregates (78.5% ±0.7% vs 16.7%±3.5%; n=3, 48h after transduction) was elicited compared to wt α-syn cells and wt α-syn Pffs combination. Cells were washed with Opti-MEM (Gibco, CA), before transduction. For experiments in dox-induced α-syn Hela cells, cells were rinsed 3 times with Opti-MEM for 5 min each to completely remove dox. 0.8 µg of sonicated α-syn Pffs in 80 µl dPBS (Cellgro, MA) were added to a tube of protein transduction reagent Bioporter (Sigma-Aldrich, MO), and incubated 10 min at room temperature. After incubation, 420 µl of Opti-MEM was added to the reagent tube and one tube of diluted reagent/Pff complex was used to transduce 4 wells on a 12-well plate or 8 coverslips. After 4 h, Opti-MEM with reagent/Pff complex was removed and cells were maintained in low-serum starvation media (DMEM, 0.25% FBS supplemented with penicillin/streptomycin, L-glutamine) unless indicated otherwise. In neurons, wt α-syn Pffs were diluted in PBS at 100 µg/ml, sonicated 65 times, and diluted in neuronal media. For coverslips 0.5 µg and for 12-well plate wells 5 µg of α-syn Pffs were added directly to culture media at 5 or 10 DIV. Neuronal media of transduced cells was not removed earlier than 3 days after transduction. Where indicated, neurons were starved in starvation medium (DMEM, penicillin/streptomycin) to activate autophagy (30) . PBS was used as a negative control in all transductions. In previous studies, we showed that transduction with monomeric α-syn is similar to transduction with PBS and did not lead to the accumulation of insoluble α-syn aggregates, or to detectable changes in cellular functions (27) .
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Drug Treatments
2.5 mg/ml Rapamycin in DMSO (SigmaAldrich, MO) was stored at -20 o C, and was diluted 1:10 in DMSO before each experiment. Lysosome inhibitor cocktail components, Leupeptin hemisulphate, Pepstatin A, and E46d (all from Sigma-Aldrich, MO) were prepared at: 20 mM in dH 2 O, 2 mM in DMSO and 10 mM in DMSO, respectively, and kept at -20 o C. 5 M ammonium chloride (NH 4 Cl, Thermo-Fisher Scientific, MA), 200 mM chloroquine (Sigma-Aldrich, MO) and 100 mM 3-methyladenine (Sigma-Aldrich, MO) solutions were prepared in dH 2 O immediately before each experiment. Working concentrations of each drug are described in the figure legends.
Plasmids and Transfections
The pYFPN1-Htt-Q72 plasmid was a generous gift of Dr. Robert Baloh. HEK293 transfections were carried out using Fugene HD transfection reagent (Promega, WI) as per manufacturer's instructions. mRFP-LC3 (Addgene plasmid 21075) (31) was generated by Dr. Tamotsu Yoshimori and deposited to Addgene. Neurons were transfected using Lipofectamine 2000 (Invitrogen, CA) according to manufacturer's instructions. Transfection was done at DIV5 and neurons were transduced at DIV6. Live images are acquired using Nikon Eclipse TE2000-E microscope equipped with CoolSnap HQ camera (Roper Scientific) and NIS Elements (Nikon Inc, NY). For siRNA transfections, Lipofectamine siRNAMAX (Invitrogen, CA) was used according to manufacturer's instructions. The sequence of the anti-mouse-α-syn siRNA duplex was: 5'-GCAUGAGACUAUGCACCU-3' and 5'-UAUUUAUAGGUGCAUAGU-3'. Transfection was carried out at DIV6, 1 day after transduction.
Lysosomal function assays
Magic Red Cathepsin MR-(RR)2 (Immunochemistry Technologies, MN) was used to monitor Cathepsin-B activity in HEK293 cells, according to manufacturer's instructions. Briefly, 48 h after transduction, cells were incubated with the Magic Red reagent for 15 min, washed in imaging buffer (10 mM HEPES, 136 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 1.3 mM MgCl 2 , 10 mM glucose) and the fluorescent signal generated by proteolytic activity was observed using a fluorescent microscope. For EGFR degradation assay, 48 h after transduction, HEK293 cells were incubated with 200 ng/ml murine EGF (Peprotech, NJ) or BSA for 30, and 120 min. As a positive control, a set of EGF treated wells were preincubated with 100 µM chloroquine for 1 h. At the end of incubations, cells are harvested in 2% SDS lysis buffer for immunoblotting.
Immunofluorescence
Cells were fixed with 4% paraformaldehyde in PBS followed by permeabilization with 0.1% Triton X-100 (TX). For LC3 and Lamp1 staining, digitonin (100 µg/ml) used for permeabilization. For 20S proteasome staining, cells were permeabilized during fixation with 1% TX-100 to reduce nuclear staining. After blocking with bovine serum albumin (BSA, 3% w/v in PBS), cells were incubated in primary antibodies (Table SI) followed by Alexa fluor-conjugated secondary antibodies (Invitrogen, CA). Cells on coverslips were incubated with DAPI and mounted on glass slides in Fluoromount-G (SouthernBiotech, AL). For neurons, 4% w/v sucrose was included in the fixation solution. Images were acquired using an Olympus BX 51 microscope equipped with a digital camera DP71 and DP manager (Olympus, PA), except for Figures 7A and 9A , where images are acquired using Nikon Eclipse TE2000-E microscope equipped with CoolSnap HQ camera (Roper Scientific) and NIS Elements (Nikon Inc, NY).
Immunoblotting
For sequential extractions, cells were scraped into 1% TX-100 in Tris-buffered saline (TBS) (50 mM Tris, 150 mM NaCl, pH 7.4) and protease/phosphatase inhibitor cocktail at 4°C. Lysates were sonicated and centrifuged at 100,000xg for 30 min. The pellet was washed and suspended in 2% SDS in TBS. For total protein extractions, cells were scraped and sonicated directly in 2% SDS in TBS. Protein concentrations were estimated by BCA assay (Thermo-Fisher Scientific, MA) and equal amounts of protein were loaded on gels for each sample unless indicated otherwise. For sequential extractions, protein concentrations of TX fractions were used to calculate the volume of lysate to be loaded. For a given sample, TX and SDS fractions were loaded at a volume ratio of 1:2, to better visualize the less abundant SDS-soluble proteins. This difference in loading amounts was considered when TX and SDS fractions were compared in the quantification panels. Samples were run on 5-20% gradient SDSPolyacrylamide gels, and proteins were transferred to nitrocellulose or PVDF membranes for immunoblotting (IB). 5% fat-free milk in TBS was used for blocking, except for p-α-syn IB, where 7.5% BSA in TBS was used. 
Immuno Electron Microscopy
Immuno-EM was conducted as described previously (27) . Briefly, 14 days after Pfftreatment, neurons were fixed in periodate-lysineparaformaldehyde and permeabilized with 0.05% saponin in PBS with 2% fish gelatin and 0.05% thimerosal followed by incubation in p-α-syn antibody 81A. Neurons were then incubated with goat anti-mouse IgG coupled to nanogold (Nanoprobes, Yaphank, NY). The nanogold labeled neurons were postfixed and gold toned with 0.05% gold chloride.
Toxicity Assays
CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega, WI) was used to monitor LDH release as an indicator of cytotoxicity, and the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, WI) was used to monitor MTS tetrazolium reduction as an estimate of cell viability, according to the manufacturer's instructions. HEK293 cells were treated for 48 h with rapamycin, 48 h after transduction. Complete media ("Comp") indicates that transduced cells were incubated in nutrient-rich media, starting from 4 h after transduction, for 92 h. For neurons, cells were starved in DMEM or treated with rapamycin 7 days after transduction for 7 days. For viability assays, HEK293 cells and neurons were incubated with MTS tetrazolium substrate for 1 h, and 4 h, respectively. Results are shown as the ratios of Pff-and PBS-td cells that received the same treatment.
Quantifications,
Image Processing, and Statistics Colocalization of p-α-syn aggregates and inclusions of Pdp related proteins was quantified by manual counting using Image J (NIH, USA). Inclusion was defined as a cytoplasmic region with clearly increased IF signal compared to surrounding cytoplasmic areas of the same cell. IF pictures from 3 or 4 independent experiments were used for quantification, a minimum of 100 p-α-syn aggregates from 4 random fields (approximately 30 cells per field) were counted for each condition. IB signals were quantified by Multi Gauge V2.3 (Fujifilm; Tokyo, Japan) or Image Studio V2.0 (Li-Cor Biosciences, NE). Acquired images processed with Adobe Photoshop CS2 (Adobe Systems Inc., CA) to facilitate visualization where needed. The adjustments applied equally across the entire image and to controls. All experiments were repeated a minimum of 3 times. The number following "±" sign indicates SEM. Statistical analyses used for each experiment were indicated in figure legends, all analyses were carried out using Graphpad Prism 4 (Graphpad Software Inc, CA).
RESULTS
Insoluble α-syn aggregates interact with protein degradation machinery.
The HEK293 model of LB-like -syn inclusions, in which -syn-expressing cells are transduced with -syn Pffs to induce aggregate formation (26) , provides a cellular system to evaluate whether α-syn aggregates undergo proteolytic degradation. Utilizing this model, we first assessed by immunofluorescence (IF) the localizations of several proteins involved in the ALP (Figure 1 ). These include p62, an adaptor protein that recruits autophagy machinery to protein aggregates (32); LC3, a protein specifically localized to autophagosome membranes when in its lipidated form (LC3-II) (33) ; and Lamp1, a marker of lysosomes and autophagolysosomes (34) . In control PBStransduced (PBS-Td) cells without α-syn aggregates, p62 and LC3 staining was faint and punctuate, and spread across the cytoplasm (Figure 1 ). In contrast, in Pff-transduced (Pff-td) cells bearing α-syn aggregates, p62 and LC3 staining was largely redistributed (Figure 1 ), such that the majority of the p-α-syn aggregates showed co-localization with accumulations of these proteins (97.4% ± 1.3% for p62 and 77.8% ± 5.5% for LC3, n=3). Autophagy substrates should progressively localize to autophagolysosomes, which are the product of autophagosome-lysosome fusion and where substrates are normally degraded by lysosomal proteases (35) . In contrast with p62 and LC3, the lysosome/autophagolysosome marker Lamp1 did not show appreciable colocalization with α-syn aggregates (10.2% ± 6.0%, n=4; Figure 1 ). These data suggest that the α-syn inclusions are associated with the early autophagy machinery, but may not be delivered to autophagolysosomes.
In addition to co-localization with p62 and LC3, the -syn aggregates in Pff-td cells were also observed to be associated with the 20S proteasome ( Figure 1 ). It was previously demonstrated that most α-syn inclusions in the HEK293 model are ubiquitinated and that they co-localize with the molecular chaperone, Hsp70 (26) . These findings suggest that proteasome components, as well as those from the ALP, are recruited to the -syn aggregates, likely in an attempt to degrade the inclusions. Alternatively, these proteasome and autophagy constituents may interact aberrantly with aggregates, an event that could affect their function.
Insoluble α-syn aggregates are not degraded by autophagy and their clearance is severely impaired.
To elucidate if α-syn aggregates are degraded by autophagy, we evaluated whether autophagy inhibition or activation affected the levels of p-α-syn. HEK293 cells stably expressing α-syn (HEK293 α-syn) were treated for 24 h with either an inhibitor of autophagosome formation, 3-methyadenine (3-MA) (33, 36) , or an activator of autophagy, rapamycin (Rap). Drug treatment was initiated 4 h after PBS or Pff transduction, a time when only minimal α-syn aggregation has occurred. Immunoblotting revealed that neither 3-MA nor Rap caused a significant change in p--syn levels, although rapamycin treatment trended towards an increase of p-α-syn (Figure 2A,B) . Examination of parallel cultures 4 h after drug addition, a time which allows for the detection of cell-associated myc-tagged Pffs, revealed that neither drug affected cellular Pff levels (data not shown ). The effectiveness of the drug treatments is seen in an LC3 immunoblot, with the expected decrease and increase of LC3-II formation after 3-MA and Rap treatment, respectively (data not shown). Likewise, there were corresponding druginduced changes in the abundance of LC3-positive puncta as visualized by IF (data not shown). We also noted that there was a significant decrease in the amount of LC3 that was recruited to the aggregates when the cells were treated with 3-MA (data not shown), confirming that the α-syn inclusions normally associate with autophagosome-conjugated LC3-II and not with cytoplasmic forms of LC3 that are increased after 3-MA treatment.
Although Rap treatment of the HEK293 -syn cells resulted in an enhancement of autophagy , Rap-induced autophagy activation may have been attenuated because of prior activation of autophagy caused by serum deprivation during transduction (37) . To eliminate this possibility, HEK293 -syn cells were treated with Rap for 72 h under nutrient-rich conditions, and Rap did not significantly affect p-α-syn levels in the Pff-td cells, although the observed increase of LC3-II confirmed activation of autophagy ( Figure 2C,D) . Similarly, p-α-syn levels were not affected by treatment with the lysosome inhibitor, chloroquine (Cq) ( Figure 2C,D) , even though this drug clearly affected LC3-II clearance. Importantly, inhibition of autophagy by expression of a dominant negative ATG4B mutant (38)) did not lead to an elevation of p--syn ( Figure 2E,F) , although this mutant protein greatly reduced the conversion of LC3-I to LC3-II. These data thus confirm that seeded α-syn aggregates in HEK293 cells are not appreciably degraded by autophagy.
As the 20S proteasome subunit was found associated with p--syn aggregates (Figure 1 ), we also queried whether inhibition of proteasome function would affect the levels of -syn aggregates. Addition of the proteasome inhibitor, clasto-lactacystin-beta-lactone (c-lac) did not increase TX insoluble p-α-syn or -syn in the Pfftd cells,although c-lac treatment led to a significant increase in high molecular weight ubiquitinated proteins (HMW Ub; data not shown), thereby demonstrating inhibition of proteasomal degradation. These results suggest that α-syn aggregates are not cleared effectively by either autophagic or proteasomal pathways.
To further confirm this conclusion, another α-syn expression model was utilized in which α-syn is under the control of a doxinducible promoter. After growth for 16 h in doxcontaining medium to induce α-syn expression, the cells were transduced with -syn Pffs and subsequently grown for varying lengths of time in dox-free medium to suppress α-syn synthesis. The cells underwent sequential extractions and samples were analyzed by immunoblotting, using a Cterminal α-syn antibody that recognizes endogenous -syn and not the C-terminal truncated 1-120myc -syn Pffs. In PBS-td cells, TX soluble α-syn was degraded, with the amount of α-syn remaining 72 h after dox removal being 29.9±5.1% of the amount observed immediately (0 h) after transduction ( Figure 3A,B) . In Pff-td cells, TX-soluble α-syn decreased at a faster rate over time, concomitant with a progressive increase in TX-insoluble/SDS-soluble α-syn levels ( Figure  3A ,B). However, no net degradation of total α-syn was detected in the Pff-td cells 72 h after dox removal, while there was a substantial decrease of total α-syn in the PBS-treated cells ( Figure 2B,C) . Taken together, these data indicate that α-syn aggregates are not effectively degraded by any cellular mechanism in the time-frame of this study, including but not limited to the UPS and ALP.
Typical autophagy substrates accumulate in α-syn aggregate-bearing cells.
As previously noted, LC3-II and p62 are autophagy substrates whose levels are routinely used to monitor autophagic function (39) (40) (41) . Interestingly, both of these proteins accumulated in Pff-td HEK293 α-syn cells,but not in Pff-td naïve HEK293 cells that have negligible α-syn expression ( Figure 4C , (42)) and therefore do not form α-syn aggregates ( Figure  4A ,B). Additionally, the levels of TX-insoluble HMW-Ub proteins, which are typically degraded by autophagy (43, 44) , were significantly increased in Pff-td HEK293 α-syn cells in the absence or presence of proteasome inhibition (data not shown), but not in Pff-td naïve HEK293 cells ( Figure 4C,D) . These data suggest an impairment of autophagy in aggregate-bearing cells.
α-Syn aggregates also interact with autophagy and proteasome components in neurons but are resistant to degradation.
To determine if α-syn aggregates in primary wild-type (wt) neurons are also resistant to degradation, we utilized a recently developed neuronal model of α-syn pathology where endogenous mouse α-syn (m-α-syn) readily aggregates to form LB-like α-syn inclusions when transduced with α-syn Pffs (27) . The α-syn aggregates in neurons, like those in HEK293 α-syn cells, co-localized with ubiquitin (27) , p62 and the 20S proteasome, but not with Lamp1 ( Figure 5A ). Live imaging of LC3-mRuby transfected neurons revealed that LC3-positive vesicles co-localized with a-syn aggregates and accumulated in Pff-td neuronal processes, and immuno-EM with p-α-syn antibodies demonstrated that these aggregates can be found in close association with vesicle-like structures, but not inside these vesicles ( Figure  5B ). These data suggest that α-syn inclusions associate with autophagy components in neurons, but are not efficiently delivered to autophagolysosomes for degradation.
To further confirm that neuronal -syn aggregates, like those in HEK293 -syn cells, are not effectively cleared by autophagy, Pffs were introduced into neurons that had been cultured in vitro for 10 days (DIV10). At DIV13, before significant amounts of α-syn aggregates were generated (27) , the Pff-td neurons were treated for 48 h with 3-MA to inhibit autophagy, or with starvation media to activate autophagy (30) . As expected, 3-MA caused accumulation of the autophagy substrate p62 in the TX-soluble fraction, whereas starvation slightly reduced its levels ( Figure 5C ). However, neither treatment significantly affected p-α-syn levels ( Figure  5C,D) , suggesting that α-syn inclusions in neurons are not significantly degraded by autophagy during the time-frame of these studies.
The clearance of α-syn aggregates in neurons was more closely examined by reducing α-syn expression in PBS or Pff-td wt neurons through transfection of an anti-α-syn siRNA. Endogenous m-α-syn levels were monitored by immunoblotting with a species specific antibody that does not recognize added human α-syn Pffs (27) . Despite a significant reduction in m--syn expression after siRNA treatment (i.e. decrease by 77%±5%; compare -siRNA and +siRNA at DIV10 in Figure 5E ), insoluble endogenous m-α-syn progressively accumulated in the siRNAtreated Pff-td neurons during the course of experiment ( Figure 5E,F) . Thus, even a low level of α-syn expression was enough to sustain the growth of α-syn aggregates, suggesting that α-syn aggregates are not cleared from neurons at a significant rate.
Finally, Pff-td wt neurons, but not Pff-td neurons from α-syn knock-out (KO) mice, showed increased p62, LC3-II and TX-insoluble HMW-Ub protein levels ( Figure 6A-D) , demonstrating that accumulation of these proteins are not caused simply by the addition of Pffs, but rather by the endogenous m-α-syn inclusions that are seeded by Pffs. Moreover, these data suggest that α-syn aggregates impair autophagy in neurons, as was observed in HEK293 cells.
Autophagy function is impaired in -syn aggregate-bearing cells.
To further substantiate that α-syn aggregates impair autophagy function, we examined the degradation of the established autophagy substrate, YFP-tagged huntingtin exon 1 fragment with 72 glutamine repeats (Htt Q72), which forms highly insoluble aggregates that are degraded by autophagy (13, 45) . Htt Q72 and p-α-syn did not associate with each other when examined by IF in Pff-td cells ( Figure 7A ). However, insoluble Htt Q72 levels were greatly increased in Pff-td cells compared to PBS-td cells ( Figure 7B,C) . The difference in insoluble Htt Q72 levels between the PBS-td and Pff-td cells was largely negated when autophagy was inhibited with 3-MA, and was enhanced when autophagy was further activated with Rap ( Figure 7B,C) . This indicates that the increase in Htt Q72 levels in Pfftd cells is due to impairment of autophagic function that cannot be overcome by enhancement of autophagosome formation. That the amount of insoluble Htt Q72 was increased in Pff-td cells upon 3-MA addition reveals there was not a complete cessation of autophagy-mediated degradation of Htt Q72 in the α-syn aggregatebearing cells in the absence of 3-MA. Although there was a modest increase of Htt Q72 clearance in the Rap-treated PBS-td cells, the Rap effect was likely muted in both the PBS-td and Pff-td cells because autophagy was already activated due to maintenance under starvation conditions after transduction. As expected, p-α-syn levels remained essentially unaffected by the 3-MA and Rap ( Figure 7B ). Likewise, Pff transduction did not increase Htt Q72 levels in naïve HEK293 cells that do not form α-syn aggregates ( Figure 7D , E), demonstrating that α-syn Pffs do not by themselves impair autophagy, nor do they seed Htt Q72 aggregates.
Together, these and previous data indicate that autophagy function is compromised in α-syn aggregate-bearing cells, as evidenced by the accumulation of canonical autophagy substrates and the partial inhibition of Htt Q72 degradation.
Autophagosome clearance is impaired in -syn aggregate-bearing cells.
As the autophagy pathway consists of multiple steps, including autophagosome formation, maturation, and subsequent clearance of autophagosomes, we investigated whether α-syn aggregates specifically interfere with any of these steps. Our data suggest that autophagosome formation is not prevented, as demonstrated by the large number of LC3-II-positive autophagosomes that are associated with -syn aggregates, and the increased LC3-II levels observed in Pff-td cells (Figure 1, Figure 2C ,E and Figure 4A,B) . However, LC3-II levels could also be elevated as the result of an elevation in autophagosome synthesis, rather than or in addition to an inhibition of autophagosome clearance. To distinguish between these possibilities, we utilized a LC3-II turnover assay (41) . PBS-td and Pff-td HEK293 α-syn cells were treated for 4 h with a high concentration of chloroquine (100 M) to inhibit all lysosomal degradation. This treatment abolished the differences in LC3-II levels between PBS-td and Pff-td cells ( Figure 8A,B) , and such a result is typically observed when there is an impairment of autophagosome clearance (39, 41) . This was further confirmed when PBS-td and Pfftd cells were simultaneously treated with Rap and Cq for 4 h, to induce accumulation of a large pool of autophagic vesicles. After removal of both drugs, LC3-II levels rapidly decreased in the PBStd cells, so that more than half of the LC3-II was cleared in 24 h and nearly all LC3-II was degraded by 48-72 h (Figure 8C,D) . Remarkably, there was no net clearance of LC3-II in Pff-td cells after 24 h, and LC3-II levels remained significantly higher than the corresponding level observed in PBS-td cells at each later time-point ( Figure 8C,D) . It should be noted that the residual effects of Cq likely caused a transient slowing in the elimination of LC3-II in both PBS and Pff-td cells (46) . Nonetheless, these data suggest that α-syn aggregates do not inhibit formation of autophagosomes, but rather impair autophagosome clearance.
Lysosome function appears normal in -syn aggregate-bearing cells.
The absence of Lamp1 co-localization with α-syn aggregates (Figure 1) suggests that the resistance of α-syn deposits to degradation and the impairment of autophagosome clearance may be caused by a defect in autophagosome maturation, rather than by an impairment of lysosomal degradation. Nevertheless, lysosomal defects could contribute to decreased autophagosome clearance by inhibiting lysosome-autophagosome fusion (47) . To investigate whether α-syn aggregates affect Lamp1-positive lysosomes, we conducted IF analyses in PBS-td and Pff-td HEK293 cells. Although lysosomes appeared primarily as abundant fine puncta in PBS-td cells, they were less abundant and enlarged in Pff-td cells. The frequency of giant lysosomes (>2.5 µm in diameter), which were rarely observed in PBStd cells, was significantly increased in Pff-td cells ( Figure 9A ). No such change in lysosome morphology was observed in Pff-td naïve HEK293 cells (data not shown), demonstrating that formation of giant lysosomes was caused by the formation of LB-like α-syn aggregates, rather than simply Pff treatment. Giant lysosomes could also be readily observed in PBS-td cells after treatment with lysosomal protease inhibitors ( Figure 9A,B) . Notably, lysosomal inhibition did not result in the accumulation of p-α-syn aggregates in giant lysosomes within Pff-td cells, or increased Lamp1/p-α-syn colocalization (7.0%±2.6% with inhibitor versus 10.2%± 6.0% without inhibitor, n=3).This suggests that the lysosomal dilation observed in Pff-td cells was not due to the sequestration and subsequent degradation of α-syn aggregates in lysosomal compartments ( Figure  9A ).
Lysosomal enlargement may indicate possible lysosomal dysfunction, which could lead to impaired autophagosome clearance. Therefore, we asked if the giant lysosomes in Pff-td cells are functional. The lysosomal processing of a fluorogenic Cathepsin-B substrate, Magic Red-RR(2), as well as the lysosomal degradation of the epidermal growth factor (EGF) receptor after addition of EGF, were assessed in Pff-td cells. Notably, lysosome function was maintained in these cells, as both processing of the Magic Red substrate ( Figure 9B ) and degradation of the EGFR ( Figure 9C ) was observed. The integrity of lysosomes in Pff-td cells was also supported by experiments which demonstrated that the enlarged lysosomes had a normal pH, and that the lysosomal protease, Cathepsin D, could be properly processed from its Procathepsin D precursor (data not shown).
As lysosomal function in Pff-td cells appeared to be normal, we asked if autophagy impairment in α-syn aggregate-bearing cells might result from a defect in autophagosome maturation. This could be due to reduced autophagosome/lysosome fusion, or to a reduced number of fully matured autophagosomes that are available for lysosomal fusion. A step in autophagosome maturation that precedes lysosomal fusion is amphisome formation, during which autophagosomes fuse with multivesicular bodies (MVBs) (48) . Utilizing the MVB marker CD63 (49), the localizations of CD63, LC3, Lamp1 and p-α-syn were compared in PBS-td and Pff-td cells. PBS-td cells showed light and diffuse staining for LC3 and CD63, with some colocalization of these markers ( Figure 10A ). However, inhibition of lysosome function caused accumulation of LC3 vesicles which largely colocalized with both CD63 and Lamp1, demonstrating that these vesicles matured to amphisomes and autophagolysosomes before their clearance was blocked by the lysosomal inhibitors by guest on November 7, 2016 http://www.jbc.org/ Downloaded from ( Figure 10A, B) . LC3-positive vesicles accumulated and co-localized with p--syn in Pfftd cells in the absence of lysosomal inhibition, but there was little overlap of LC3 with CD63 ( Figure  10A ) or Lamp1 ( Figure 10B ) at the sites of p--syn aggregates. As with PBS-td cells, inhibition of lysosomal function in Pff-td cells resulted in an increase of CD63 and Lamp1 co-localization with LC3, with the exception that CD63 and Lamp1 staining was generally not observed in LC3-positive p--syn aggregates ( Figure 10A, B) . Although there was minimal localization of CD63 with p-α-syn aggregates in Pff-td cells, either in the absence or presence of lysosomal inhibition (11.8%±2.6% and 6.7%±4.1%, respectively), the observed CD63-containing MVBs were not associated with -syn aggregates. However, they appeared to be enlarged, as was seen with Lamp1-positive vesicles ( Figure 9A and Figure 10A ). These data support the interpretation that the LC3-positive autophagosomes that associate with α-syn aggregates do not mature to amphisomes. Moreover, the enlarged LC3/CD63-positive amphisomes that do form in Pff-td cells and which are not associated with -syn aggregates may have altered properties that could provide an explanation for the partial impairment of autophagic function observed in the cells harboring -syn inclusions.
Autophagy activation enhances cellular toxicity in -syn aggregate-bearing cells.
Previous studies have shown that activation of autophagy may attenuate cytotoxicity of aggregate-prone proteins that are degraded by autophagy (30, 50) . However, our data suggest that the resistance of α-syn aggregates to autophagy is not the result of a defect in autophagy initiation, but rather a problem of autophagosome maturation. Thus, a strategy of autophagy activation may not be productive in cells containing -syn inclusions, and in fact the cell death that is observed in both aggregate-bearing HEK293 cells ( Figure 11A ) and neurons (27) is exacerbated upon activation of autophagy with rapamycin or serum-starvation ( Figure 11B-D) . Although it is possible that the increase in toxicity observed with these treatments results from cellular mechanisms other than autophagy, these data are consistent with the notion that increased autophagosome generation can be detrimental in cells when autophagosome clearance is impaired (51) (52) (53) .
DISCUSSION
Utilizing recently developed cellular models of Pff-seeded α-syn aggregation, we have demonstrated that LB-like inclusions are resistant to degradation despite their interaction with ALP and UPS components. These aggregates persist even when soluble α-syn levels are substantially reduced, indicating that once seeding occurs, pathologic α-syn aggregates are refractory to clearance from the cells. Interestingly, overall autophagic clearance is impaired in the α-syn aggregate-bearing cells, which may be a factor contributing to the observed reduction in cellular viability. Importantly, alterations of autophagy were observed in both non-neuronal cells and in primary cultured neurons harboring α-syn aggregates. Indeed, the neuronal Pff transduction model of α-syn aggregation is unique in that α-syn aggregates can be formed with very high efficiency in the absence of α-syn overexpression or toxic insults that may perturb autophagy or proteasome function. Moreover, our cellular models of α-syn seeding with recruitment of endogenous α-syn to yield LB-like aggregates may replicate key aspects of synucleinopathies, as several recent lines of evidence suggest that the spreading of amyloid protein pathology, such as seen with α-syn in PD, may result from the neuronal release and uptake of extracellular α-syn seeds (54) (55) (56) (57) (58) .
Previous studies revealed that LBs in PD co-localize with UPS and ALP components such as ubiquitin, 20S proteasome, p62 and LC3 (3, (59) (60) (61) . However, it was unclear whether these associations resulted in degradation of LBs. Although LB-like inclusions co-localized with UPS and ALP components in our cell model, such interactions did not lead to degradation of α-syn aggregates. A similar recruitment of ALP components has also been observed with other aggregated proteins that are resistant to autophagic degradation (62) . The failure to degrade α-syn aggregates cannot be explained by a complete inhibition of autophagy, as Htt Q72 appeared to be degraded in aggregate-bearing cells, albeit at a significantly reduced rate, suggesting that α-syn aggregates are selectively resistant to degradation. As with a number of other protein aggregates subject to autophagy, Htt Q72 aggregates occur as "aggresomes", which are believed to be actively generated by cells to sequester misfolded proteins within the cytoplasm (63) (64) (65) . However, Pffseeded α-syn aggregates do not show robust colocalization with aggresomal markers such as vimentin (26, 66) , suggesting that they are a distinct type of inclusion that is resistant to degradation.
The demonstration that cells harboring aggregated α-syn have partial impairment of autophagy complements prior studies which showed that soluble α-syn species may reduce autophagic activity (19, 67, 68) . The α-syn inclusions appear to impair autophagy by reducing autophagosome clearance. This disruption of autophagy may contribute to the cellular toxicity seen in the aggregate-bearing cells, and we observed further cell death upon activation of autophagy. Autophagosome clearance defects have been previously suggested in neurodegenerative diseases. For instance, the abnormal accumulation of autophagosomes in AD brain tissue is thought to be caused by impaired autophagosome clearance (52) , and LC3-II levels are elevated in PD brain tissues with abundant LB pathology (60) . An impairment of autophagosome clearance is likely to be detrimental, as removal of both unwanted, damaged proteins and defective organelles such as mitochondria (69, 70) , is vital for cells. Therefore, impairment of autophagy may lead to cell death through several different mechanisms, including oxidative stress, which is strongly implicated in PD pathogenesis (71, 72) . Indeed, several proteins that are implicated in PD pathogenesis, including ATP13A2, LRRK2 and Pink-1, may also affect autophagy function (73) (74) (75) , suggesting that autophagic dysfunction may be a primary cause of cell death in PD.
The LC3-positive autophagic vesicles that accumulate with α-syn aggregates were not decorated with markers of amphisomes and autophagolysosomes, indicating that autophagosome maturation is likely impaired prior to amphisome formation. The resistance of α-syn aggregates to degradation may be caused by an inability of aggregate-associated autophagosomes to migrate within the cell, and/or an inability of MVBs to fuse with the autophagosomes.
Alternatively, it is possible that α-syn aggregates interfere with the ability of autophagosomes to mature, such that the LC3-positive structures that accumulate in aggregate-bearing cells are incomplete or abnormal. In addition to the -syn inclusions being refractory to autophagic degradation, it appears that there is a more general impairment of autophagy in aggregate-containing cells. Interestingly, the Pff-td cells show an enlargement of both CD63-and Lamp1-positive vesicular bodies, although lysosome function seems to be unaltered. These changes may suggest that the α-syn aggregates have an effect on vesicle-related cellular processes, including autophagy. Indeed, α-syn aggregates perturb endosomal trafficking in yeast by interacting with rab proteins (76, 77) .
After completion of our studies, a published study (78) demonstrated clearance of -syn Pffs after their introduction into naïve HEK293 cells. In this model, p-α-syn immunoreactive structures were found in a small population of cells shortly after addition of Pffs, and these largely disappeared within 24 h. These data would seem to contradict our observations of -syn aggregates being resistant to clearance. However, the p-α-syn structures observed in this recent study likely consisted of the introduced exogenous Pffs, with little to no recruitment of endogenous -syn due to the very low expression of -syn in naïve HEK293 cells. Thus, while these new data may provide insights into the clearance of internalized -syn Pff seeds, this model differs substantially from that employed in our studies and may not recapitulate key features of human synucleinopathies, where LBs are formed from endogenous -syn that misfolds within the cytoplasm. In this regard, our findings of impaired autophagy after the formation of LB-like inclusions comprised of endogenous -syn in both neurons and non-neuronal cells may provide a more accurate representation of the biology of LBs and their potential role in neurodegeneration.
In conclusion, we have demonstrated that seeded α-syn aggregates are resistant to degradation and impair autophagosome clearance. These findings have bearing on therapeutic strategies in PD and related synucleinopathies, as prior studies have indicated that autophagy activation via rapamycin treatment may attenuate by guest on November 7, 2016 http://www.jbc.org/ Downloaded from disease phenotype in certain in vivo models of PD (reviewed by (79) ). Although the models used in these studies may provide important insights, they typically rely on oxidative insults or proteasome inhibitors to achieve the desired phenotype, and these treatments could increase the cellular dependence on autophagic removal of damaged mitochondria and unwanted proteins (80, 81) . In addition, neurons in these models lack the insoluble, LB-like α-syn aggregates that are observed in our cellular models and in synucleinopathies. Our studies suggest that activation of autophagy may not be effective once α-syn aggregates form, which is likely to occur before clinical symptoms manifest. On the contrary, autophagy activation may be harmful to -syn aggregate-bearing cells because of the impaired autophagosome clearance. However, it is possible that alternative therapeutic approaches, such as restoration of normal autophagic flux (82,83), may reduce the ALP impairment caused by the α-syn aggregates and be effective in enhancing the survival of affected cells. Further studies will determine if these approaches can reduce neurodegeneration in PD and related synucleinopathies.
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Lee , and nuclei (denoted as "Nu"). There were few LC3 and CD63 puncta in PBS-td cells, and these did not co-localize in the absence of lysosomal inhibitor. However, LC3 and CD63 co-localization was observed in the PBS-td cells when the clearance of autophagic vesicles was prevented by lysosomal inhibitor treatment. In Pff-td cells, LC3 vesicles that accumulate with p-α-syn aggregates were not generally co-localized with CD63 vesicles. Inhibition of lysosomes resulted in some overlap of CD63 and LC3, but CD63 did not localize to LC3 vesicles associated with p-α-syn. Although they did not co-localize with the p-α-syn aggregates, CD63 vesicles in Pff-td cells appeared to be larger and more variable in size compared to those in PBS-td cells. (B) IF images showing Lamp1 (red), LC3 (green), p-α-syn (blue, white dotted outline), and nuclei (denoted as "Nu"). Lamp1 co-localized with LC3 in PBS-td cells treated with lysosomal inhibitor, and in cells without α-syn aggregates in Pff-td cells after addition of lysosome inhibitor. However, Lamp1 was largely excluded from LC3 vesicles that overlapped with α-syn aggregates in Pff-td cells in the absence or presence of lysosome inhibitor. n≥3 for all experiments. Scale bars = 20 µm.
FIGURE 11:
Treatments that activate autophagy increase the toxicity of α-syn aggregates. (A) A lactate dehydrogenase (LDH) release assay was performed to monitor cell death in naïve HEK293 cells or HEK293 cells that express α-syn. Only Pff-tdHEK293 α-syn cells (α-syn Pff), showed significantly increased LDH release (n=2). (B) PBS-or Pff-tdHEK293 α-syn cells were maintained in nutrient-rich complete media (comp), treated with rapamycin or maintained in starvation media after transduction, until a tetrazolium-based viability assay was carried out. Both starvation and rapamycin treatment significantly reduced viability in transduced cells (n=3) (C,D) Pff-or PBS-td wt neurons were starved, or treated with rapamycin and the LDH release assay (n=3) (C) and the viability assay (n=2) (D) were performed. Starvation significantly increased cell death and decreased viability in neurons, and rapamycin treatment trended towards the same pattern. [Error bars ±SEM. In (A) and (B), one-way ANOVA with Tukey's post-hoc analysis used to test for statistically significant differences. In (C) and (D), student's paired t test was used to test for statistically significant differences. NS, *, ** and *** indicate p>0.05, p<0.05, p<0.01 and p<0.001 respectively]
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